Introduction
Laser Doppler vibrometry allows the measurement of vibration on rotating blades in a non-contact fashion, thus eliminating the need for telemetry. Blade vibration data can be measured in a rotating (i.e. Lagrangian) reference frame or a stationary (i.e. Eulerian) reference frame. The first approach is better known as tracking laser Doppler vibrometry (TLDV) and involves controlling the Although there is little literature available on this subject, the application of ELDV to rotating blades has been studied since the late 1960s. Kulczyk and Davis [1] developed a laser vibrometer for this application and also noted the challenges involved with the short sample periods. They showed that ELDV samples could be analyzed for individual blade vibration frequencies above the signal fundamental frequency, and concluded that lower frequency information was more likely to represent the global response of the blades. Kulczyk and Davis [2] subsequently performed ELDV measurements on rotor blades spinning at 13000 rpm, proving the high-speed implementation capabilities of the technique. Further work ( [3] , [4] ) was aimed at performing signal processing on individual ELDV signatures, focusing on analytically estimating low-order blade vibration frequencies. Both approaches considered pure sinusoidal blade excitation only.
Using non-harmonic Fourier analysis (NHFA), Oberholster and Heyns [5] showed that a change in the NHFA phase angle at a reference frequency is indicative of a signal frequency shift and/or a signal phase shift. Based on these findings, Oberholster and Heyns [6] implemented NHFA on a single-blade axialflow test rotor at 720 rpm, using impulse excitation. By monitoring the phase angle trends at various blade natural frequencies, they were able to observe Page 4 of 43 deterioration in blade health from ELDV measurements. In particular they showed that maximum absolute unwrapped phase angle trends (MAUPATs) over bands around the various reference frequencies provide robust indicators of blade health deterioration. They noted however that they did not isolate the signal components as suggested by Hirata [7] because the signals were too short to accomplish this [8] . Therefore the blade health deterioration indicators they obtained were influenced by signal changes over the entire frequency bandwidth of their measurements.
This article extends the work of Oberholster and Heyns [6] to a multi-blade test rotor to verify the ability of their technique to identify damaged blades from among healthy blades. When considering a multi-blade rotor, it becomes necessary to take into account the effects of global blade vibration modes since damage on one blade affects the dynamics of the remaining blades and vice versa. As a result, trends may be identified from the undamaged blades which in turn may lead to the erroneous identification of damaged blades. A robust signal processing approach that accurately indicates blade damage is therefore required.
The first section of this article focuses on the experimental test setup and testing procedure. The procedure was done in two separate phases to consider damage on a single blade and damage on multiple blades consecutively. The effects on the blade-forcing frequency spectrum by blade-spacing variation due to manufacturing tolerances are studied and it is shown that these effects have to be taken into account during simulations using a finite element model (FEM).
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During experimental testing, high response levels were observed in both TLDV and ELDV measurements at certain damage cases and rotor speeds, similar to those reported by Oberholster and Heyns [6] . To investigate this phenomenon, an FEM of the test rotor was constructed and subsequently the root-mean- Figure 1 shows the axial-flow test rotor considered in this article. The test rotor consisted of five straight, flat blades and was driven directly by a speedcontrolled motor at speeds of 720, 960, 1200 and 1440 rpm during testing. The 2 mm thick blades were attached to the rotor hub by means of clamps and had lengths and widths of 110 mm and 25 mm respectively. Due to the manufacturing tolerances of the blade-clamp interfaces, it was necessary to use epoxy to eliminate gaps between the blade and clamp surfaces prior to clamping. This was found to minimize the variation in the natural frequencies of the blades, arising from differences in the clamping boundary conditions. Prior to ELDV and TLDV testing, the natural frequencies of the individual rotor blades were obtained from stationary modal testing. Each blade was individually tested using a modal hammer as excitation and the Polytec PSV300 laser vibrometer for response measurements. This choice of excitation and measurement technique minimized any alteration in structural mass, thus ensuring accurate frequency response functions (FRFs). These FRFs were furthermore used for updating the rotor FEM.
Test setup
During ELDV and TLDV testing, data acquisition and vibrometer mirror control were accomplished with LabView, using a National Instruments PCI-6110 card.
The shaft encoder signal of 5000 pulses per revolution was used as a clock signal to perform position-based sampling, thus simplifying data postprocessing. TLDV measurements on the test rotor were available over nearly Due to manufacturing tolerances, variation was present in the spacing of the blades in both the axial and circumferential directions. This affected the forcing frequency spectrum of the blades and in particular resulted in energy being introduced at higher rotor orders [9] . This spectrum can be estimated from the measured pressure pulses as demonstrated by the power spectral density (PSD) in Figure 4 for 720 rpm, showing the first 16 harmonics. For this reason, it was important to ensure that the relative timings between the pulse peaks used in the FEM correlated with those of the measured pressure pulses. 
Numerical simulations

Finite element model
An FEM of the test rotor was constructed as shown in Figure 5 . The blades were modelled with shell elements, whereas the hub and shaft were modelled with solid and beam elements respectively. Beam-solid and shell-solid element coupling was accomplished with multi-point constraint (MPC) elements.
Damage was simulated in the model by deleting appropriate elements in the blades [6] .
Page 11 of 43 The pulses exerted on each blade by the air-jet nozzle during rotation were approximated by a concentrated force on each blade. Although it would be more representative to simulate moving loads on the blades, to do so accurately would not be trivial. The per-blade concentrated force approximation was much simpler to implement and was found to be sufficient for this work, as validated in previous work [6] . The radial locations on the blades where these forces were applied corresponded to the radial location of the nozzle (i.e. about 15 mm from the blade tips). In turn, the circumferential locations were chosen to coincide with the blade positions at which the experimental pressure pulse waveform peaks occurred. This was found to occur at about 3. Rotational stiffening effects were included in the simulations. Figure 7 for the simulated results.
TLDV simulation
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Experimental results
MAUPAT analysis
Oberholster and Heyns [6] performed NHFA on ELDV signals to obtain
MAUPATs over ranges within 5% of the individual natural frequencies of their single blade. Since the test rotor considered in this work consisted of multiple blades, the effects of global mode shapes and blade mistuning resulted in groupings of mode shapes around various frequencies. As a result, it was decided to perform NHFA to obtain MAUPATs over ranges around the average frequencies of the various mode shape groupings. The individual ranges were determined from the variation around each reference frequency. The reference frequencies considered are listed in Table 1 along with the relevant ranges. RPM. This is not significant in terms of the reference frequencies and ranges given in Table 1 , and thus the frequencies of Table 1 were used for MAUPAT calculations for all the rotor speeds considered during testing. However in cases where these natural frequency shifts are substantial, it would be prudent to adjust the MAUPAT reference frequencies accordingly.
When evaluating the experimental MAUPAT results, it soon became apparent that interpreting the trends is more complicated on a multi-blade rotor than on the single-blade rotor used by Oberholster and Heyns [6] . This was expected due to the effects of global modes. In order to distinguish between damaged and undamaged blades, it was necessary to evaluate the statistical properties of the individual blade trends.
After evaluating various statistical parameters, the trend standard deviation (  ) was found to yield the most favourable results. Figure 11 
Time domain
Various time domain parameters were evaluated, namely crest factor, kurtosis, variance, covariance, correlation coefficient, RMS and skewness [10] . Of these, the RMS and correlation coefficient yielded the best results. Figure 14 and One approach to efficiently harvesting the information from the diverse parameters is to employ ANNs.
Using an architecture consisting of two layers, one with 14 neurons and the other with a single neuron, a separate ANN was trained for each rotor speed.
Tan-Sigmoid transfer functions were used for all the neurons. 
Natural frequency estimation
The results presented in paragraph 4.1 to 4.3 are useful for identifying and quantifying blade damage relative to a reference point. In order to obtain that reference point, it would be most useful to know the natural frequencies of each individual blade. Although these frequencies can be obtained via offline FRF testing, this approach requires long downtimes and can typically be performed only during outages. It is therefore desirable to estimate the frequencies in an online fashion. with  an integer constant, a vector  can be constructed with elements approximating 1  by multiplying the elements of  and  :
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Equation 6
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Equation 7
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Conclusions
In this article it has been shown that ELDV is viable as an online blade condition Tables   Table 1: MAUPAT reference frequencies   Table 2 : Natural frequency estimation
